The choice of the study subject was a consequence of the growing interest in volatile organic compounds which are strongly dispersed in the environment. The knowledge of o-cresol's capability for being broken down by bacteria should be supplemented by studies aimed at determining the biochemical and microbiological activity of soils. o-Cresol was applied at the following rates: 0, 0.1, 1, 10, and 50 mg of o-cresol kg −1 d.m. of soil to determine its effect on the biological properties of soil. The activity of dehydrogenases, catalase, urease, acid phosphatase, alkaline phosphatase, arylsulfatase, and β-glucosidase, the eight groups of microorganism counts, was determined in soil samples after 45 days and the barley yield was determined. Preventive biostimulation with Perna canaliculus mussel meal, illustrated by means of the index of fertility (IF), was conducted in order to eliminate the adverse effect of o-cresol. The soil and crop resistance index (RS) was used to illustrate the response of barley, and R:S-the rhizosphere effect index was used to determine the effect of the crop on the enzymatic activity of soil. o-Cresol had a beneficial effect on the biological activity of soil at an acceptable rate of 0.1 and 1 mg kg −1 d.m. of soil, and it became its inhibitor after being applied at 10 and 50 mg kg −1 d.m. of soil, which also brought about a decrease in the resistance of spring barley. Dehydrogenases are the most sensitive, and catalase is the least sensitive, to the pressure of o-cresol in soil. Mussel meal can be recommended as a biostimulator of soil fertility. It also eliminated the negative effect of o-cresol on its biological activity.
Introduction
Cresol is a volatile organic compound of the phenols group. It has a molecular weight of 108.14 mg mol −1 (OECD 2005) and occurs as three structural isomers, one of them being o-cresol with the methyl group in the ortho position (Mikami et al. 2016; Badanthadka and Mehendale 2014) . Synonyms of 2-methylphenol: 2hydroxytoluen and o-cresylic acid. Owing to a large pool of anthropogenic and natural sources of o-cresol in the environment, this compound can be included in the ATSDR's Substances Priority List (ATSDR 2017). The prime objective of this concept is to present substances based on a combination of their occurrence and toxicity.
Natural sources of o-cresol include fruit, vegetables, tea, and cocoa (Bronick and Lal 2005) . It is also formed by biodegradation of lignins and tannins (Kaisoon et al. 2011 ). On the other hand, anthropogenic environmental pollution is a consequence of the development of the chemical, paper, and textile industry (Marrot et al. 2006; Arutchelvan et al. 2005) . It is worrying that o-cresol is present in herbicides. One example is 4,6-dinitro-o-cresol, which is a component of insecticides and acaricides, still distributed in third countries, with a high mobility in soil, undergoing slow microbiological degradation in soil (Uzer et al. 2006) . o-Cresol has also been found in coal tar, in crude oil, and in fly ash from burning wood (Badanthadka and Mehendale 2014) . The problem is aggravated by the use of cresol as a frother in metallurgical flotation in mining. Being a surfactant, it is adsorbed on the water-air boundary (Vecino et al. 2013) . Its global annual production output amounts to 3 Mg (Zhu et al. 2018) . This policy will result in increasing soil degradation caused by releasing growing amounts of toxic binary compounds of copper and cresol (Nguyen et al. 2013) .
To understand better the complexity of interactions between methylphenols with elements of soil ecosystems, a comprehensive approach must be considered also based on the influence and features of plants-both of their aboveground parts and roots (Steinauer et al. 2017 ). According to Diaz et al. (2016) , it is the functions of plants that are used to predict the distribution of biodiversity. This holistic vision of the environment assessment fits conveniently into the subject matter of phenols, including o-cresol, since plants are natural sources of a great number of phenolic secondary metabolites. They change their polarity, volatility, chemical stability in cells, and, in consequence, biological activity (Cheynier et al. 2013) . Polyphenolic compounds which contain flavonoids and phenolic acids can be divided into benzoic acid derivatives (gallic acid, protocatechuic acid), derivatives of cinnamic acid (coumaric, caffeic and ferulic acids) and stilbenes (Daglia 2012) . Flavan-3ols, flavonols, and tannins are polyphenols capable of suppressing many virulence factors of microorganisms, including inhibition of biofilm formation and neutralization of bacterial toxins (Vaquero et al. 2010) . The structure and activity of the soil microbiome are modulated in a particular manner by plants, mainly through root secretions, such as phytohormones, salicylic acid (Lebeis et al. 2015) , or the brachialactone-a nitrification inhibitor (Subbaro et al. 2009 ). Approximately 5-25% of carbon in plants is released with their secretions to soil (Derrien et al. 2004) where it is usually rapidly transformed by microorganisms (Paterson et al. 2011) .
Cresols can be used preferentially as a source of carbon and energy for microorganisms (Ren et al. 2014) . However, hydroxyl groups equivalent to the presence of molecular oxygen as a co-substrate must then occur in the environment (Harwood et al. 1999 ). According to Patil and Anil (2015) , the exposure of microorganisms to cresols leads to changes in the permeability of the cell membrane of microorganisms causing its depolarization, which ultimately contributes to the disappearance of the energy difference between the cell's exterior and interior and it is equivalent to its autolysis and death.
To date, surprisingly few attempts have been made to assess the effect of cresols on soil biochemical activity (Zhu et al. 2018 ). This triggers the need for such studies, arguing that it has been reported that this group of compounds has a toxic effect on the human body. According to Sanders et al. (2009) , cresol contributes to an increase in the incidence of renal tubular adenoma. Finally, in the human body, cresols are conjugated with glucuronic acid and sulfonated and then excreted in urine (Morinaga et al. 2004) .
Enzymatic activity is a component of soil process simulation models (Schimel et al. 2017 ) and considered to be a critical parameter (Manzoni et al. 2016) . They may be denatured by excessive heat, react with minerals, be absorbed intact by microorganisms, and be metabolized in cells (Burns et al. 2013) . Enzyme activity indirectly affects the soil's ability to degrade contaminants Wyszkowska et al. 2017; Schimel et al. 2017) . It is not without reason that specific enzymes are selected for studies, as they are the basis for determination of fertility indices. The BA = DEH + CAT + PAL + PAC + URE + GLU + ARYL, consisting of seven enzymes: dehydrogenases (DEH), acid phosphatase (PAC), alkaline phosphatase (PAL), urease (URE), catalase (CAT), β-glucosidase (GLU) and arylsulfatase (ARYL) is considered highly reliable (Borowik et al. 2017; Wyszkowska et al. 2013) .
The preventive measures aimed to eliminate the potential inhibitory effects of o-cresol were an important step in the research. Meal made from Perna canaliculus mussels from New Zealand, regarded as a sentinel species for soils contaminated with heavy metals, was applied to the soil (Chandurvelan et al. 2013) . Three main metabolites of the mussels, which make it an effective biostimulator, include peptides, lipids containing polyunsaturated fatty acids (PUFA), and polysaccharides (Grienke et al. 2014) .
The knowledge of diverse degradation activity of microbial activity towards cresols is increasing, but it is not parallel to the knowledge of the effect of increasing pollution of soil with 2-methylphenols on its biochemical activity, which provides the reason for this study. Therefore, the prime objective of this study is to determine the effect of o-cresol on the activity of soil enzymes and microorganisms exposed to the pressure of increasing doses of this phenolic compound in soil.
Materials and methods

Experimental: soil sampling and sample preparation
The appropriate soil was taken from the arable-humus horizon of brown soil (Eutric Cambisol) at the Teaching and Research Centre in Tomaszkowo (NE Poland, 53.7161°N, 20.4167°E) . The results of granulometric analysis and selected physical and chemical properties are shown in Table 1 . It was a soil of the granulometric composition of loamy sand (IUSS Working Group WRB 2014). The physical and chemical properties of the soil, which included pH in 1 mol dm −3 KCl, hydrolytic acidity, total organic carbon content, and sum of exchangeable cations (K + , Na + , Ca 2+ , Mg 2+ ), were determined by the methods described in the paper by Borowik et al. (2017) .
The experiment was carried out in the vegetation hall. The main variable factors were: (1) the dose of o-cresol: 0; 0.1; 1; 10 and 50 mg of o-cresol kg −1 d.m. of soil, (2) the addition of the biostimulator Perna canaliculus mussel meal: 0; 5 mg kg −1 d.m. of soil, and (3) sowing spring barley cv. Conchita in the soil. o-Cresol of confirmed 99% purity was purchased from Sigma-Aldrich.
Properly prepared soil was used to set up a pot experiment in five replications. To this end, soil contaminated with o-cresol was mixed in polyethylene containers with NPKMg fertilizers. Mineral fertilization rates, converted into pure elements and expressed in mg kg −1 , were as follows: N -250; P -50; K -90; Mg -20, Cu -5; Zn -5; Mo -5; Mn -5 and B -0.33. Nitrogen was applied as urea, phosphorus, and potassium as potassium dihydrogen phosphate, magnesium as magnesium sulfate heptahydrate, copper as cooper(II) sulfate pentahydrate, zinc as zinc chloride, molybdenum as sodium molybdate dihydrate, manganese as manganese(II) chloride tetrahydrate, and boron as boric acid. Meal from New Zealand Perna canaliculus mussel was added to soil in selected pots. The content of nitrate and ammonium nitrogen in this fertilizing agent was N-NO 3 , 4.98 mg kg −1 d.m, and N-NH 4 , 1902.25 mg kg −1 d.m. After mixing it with ocresol and the fertilizers, 1 kg of the soil was put into each of 1.5 dm 3 pots and its moisture content was brought to 60% capillary water capacity. This parameter was monitored throughout the experiment and kept at a constant level. Vegetation of spring barley cv. Conchita was conducted for 45 days. After germination, five plants were left in each pot. The dry yield of the plant and roots was determined after harvesting the barley at the BBCH 52 phase-heading (20% of inflorescence emerged).
Microbiological and biochemical analysis
On day 45 of the study, the activity of seven soil enzymes, except catalase (EC 1.11.1.6), was determined with a Perkin-Elmer Lambda 25 spectrophotometer (Ma, USA). The description of substrates and units of activity of the various enzymes was characterized: dehydrogenases (EC 1.1) determined at wavelength (λ) 485 nm, urease (EC 3.5.1.5), acid phosphatase (EC 3.1.3.2) and alkaline phosphatase (EC 3.1.3.1) at 410 nm arylsulfatases (EC 3.1.6.1) at 420 nm by Zaborowska et al. (2016) and β-glucosidase (EC 3.2.1.21) measured at 400 nm by Borowik et al. (2017) .
In the same soil samples, populations of eight groups of microorganisms: organotrophic ammonifying bacteria, nitrogen fixing bacteria, Arthrobacter sp. and Pseudomonas sp., Azotobacter sp., Actinobacteria and fungi were determined. The microorganisms count was determined with a colony counter. The microbial media used in the experiment are characterized in Borowik et al. (2017) .
Calculations and statistical analysis
Statistical analyses were conducted using Statistica 10.0 software (StatSoft inc. 2018). The η 2 coefficient of percentile variability of the variable under study was determined by analysis of variance-ANOVA. A multi-dimensional and exploratory analysis principal components analysis (PCA) was conducted to illustrate the response of each enzyme to soil contamination with o-cresol and sowing spring barley on it. An effect of the plant was shown with the rhizosphere effect index R:S. It is the ratio of enzymatic activity in soil sown with spring barley (R) and in unsown soil (S). Changes of the activity of the eight groups of microorganisms were monitored by the cluster method-Ward's dendrogram. T h e c o l o n y d e v e l o p m e n t ( C D ) i n d e x (Sarathchandra et al. 1997 ) and the ecophysiological diversity (EP) (De Leij et al. 1993) were determined for the organotrophic bacteria, Actinobacteria, and fungi counted for 10 successive days.
The index of an effect of a fertilizing agent-IFdescribed in Zaborowska et al. (2017) was used to make an assessment of the effect of the mussel meal on the microbiological and biochemical activity of soil. Homogeneous variance between groups of microorganisms was determined with Tukey's test at P = 0.01. Furthermore, the barley yield was used to determine the plant resistance to contamination of soil with o-cresol. The calculations were based on the formula presented in Orwin and Wardle (2004) . An index (PR) has been proposed, which is the ratio of the dry yield of the aboveground parts of a crop (P) and the dry yield of its roots (R), to emphasize the response of roots to a growing pressure of ocresol in soil.
Result and discussion
The research presents a comprehensive characterization of the effect of o-cresol on biochemical and microbiological activity, as well as the response of spring barley to the pressure of this phenolic compound. High values of the η 2 coefficient indicate that enzyme activity was moderated by increasing doses of o-cresol to a greater extent than soil microbiome ( Table 2 ). The highest values of η 2 were recorded for dehydrogenases (85.64%) and for fungi (68.79%).
The PCA provided a detailed insight into the sensitivity of each enzyme to the presence of o-cresol in soil (Fig. 1) . The distribution of vectors around the axis representing the first factor (which determines 54.28% of the total data variance) indicates that the activity of acid phosphatase (PAC), arylsulfatase (ARYL), urease (URE), dehydrogenase (DEH), β-glucosidase (GLU), and alkaline phosphatase (PAL) was correlated negatively with the variable. A positive correlation was observed only in the activity of catalase (CAT) which described the second factor, which characterized 30.71% of the variability of results. Coordinates of cases and distances between them show that the enzymatic activity was higher in pots where soil was contaminated with o-cresol at 0.1 and 1 mg kg −1 d.m. of soil than in the control sample. However, the activity of all of the enzymes except catalase was inhibited following the addition of 10 and 50 mg of o-cresol kg −1 d.m. of soil. o-Cresol proved to have significant inhibitory properties towards GLU and PAL, which corresponds to the lowest correlation coefficients for these enzymes: r = (− 0.846) and r = (− 0.595), respectively. A dose of 0.1 mg of ocresol kg −1 d.m. of soil stimulated the activity of GLU and PAL, whereas the application of 1 mg of o-cresol kg −1 d.m. of soil boosted the activity of DEH > URE > ARYL = PAC, for which the ultimate correlation coefficients were r = − 0.391, r = − 0.285, r = 0.165, and r = 0.169, respectively. Furthermore, the activity of catalase was significantly positively correlated with increasing contamination of soil with o-cresol (r = 0.611).
According to Guangming et al. (2017) , the activity of alkaline phosphatase, urease, and catalase is closely correlated with organic matter in soil. Therefore, the addition of o-cresol (0.1-1 mg kg −1 d.m. of soil) became a source of carbon and energy stimulating the activity of majority of enzymes. However, as in this study, Zhu et al. (2018) observed decreased activity of urease. It may be caused by the presence in soil of catechol, which is an indirect metabolite of o-cresol (Ren et al. 2014 ) and a strong inhibitor of urease, deactivating it according to the mechanism associated with the thiol group of α Cys 322 (Mazzei et al. 2016 (Mazzei et al. , 2017 . One of the functions of catalase in soil is to decompose the hydrogen peroxide formed in metabolic processes, which prevents its toxic effect on living organisms (Guangming et al. 2017) . A higher activity was exhibited by catalases, which contain heme and an iron-porphyrin cofactor (Grigoras 2017) .
The effect of the crop on the biochemical activity of soil was also analyzed to make the experiment more significant. To this end, the rhizosphere effect index (R:S) for the activity of individual soil enzymes was used (Fig. 2) . The PCA analysis emphasized the observed trends. Vectors corresponding to R:S for GLU, PAL, and DEH were distributed around the axis which represented the first explaining variable for 41.47% of the total data variance. A second variable for 38.16% of data variance contained vectors related to the values of R:S for URE, ARYL, CAT, and PAC. The values of vectors representing the R:S index, affected by the first principle component (PCA 1), were negative for DEH (− 0.784) and PAC (− 0.864), and positive for the other enzymes, ranging from 0.272 for URE to 0.894 for PAL. The second principal component (PCA 2) generated Adding o-cresol to the soil at doses which are 100 and 500 times higher than acceptable proved to stimulate the activity of CAT and ARYL to the greatest extent, which is indicated by the coordinates of cases and distances between them. These findings are confirmed by the report of Xiao et al. (2007) , who found isoflavone polyphenols to inhibit the activity of urease due to their structure with two hydroxyl groups in ortho positions. The inhibitory strength of polyphenols does not decrease until after the C-isoflavone ring is broken down. Takishima et al. (1988) claim that SH groups in cysteinyl, which are components of sulfhydryl groups, transformed into cysteine SS bonds by oxidative dehydrogenation of cresols, which decrease the activity of urease. Simultaneous growing of barley in soil and contaminating it with ocresol probably augmented this inhibitory effect.
The assessment of the disturbance of homeostasis of the soil subjected to pressure of o-cresol was supplemented with an analysis of the response of microorganisms to its increasing doses. It was conducted by Ward's cluster method (Fig. 3) . Five subclusters of homogeneous variances which make up one of two principal clusters were formed by fixing bacteria, ammonifying bacteria, and Arthrobacter, Pseudomonas, and Azotobacter. A separate cluster was made up by organotrophic bacteria and Actinobacteria.
Valuable information on the complexity of the effect of o-cresol on bacteria was provided as a result of the determination of colony development indices (Fig. 4) and indices of ecophysiological diversity (EP) (Fig. 5) . These indices emphasized the range of effect that ocresol had on multiplication and changes of the microorganism composition. o-Cresol had a beneficial effect on development of organotrophic bacteria and fungi and less so on the development of Actinobacteria. Interestingly, organotrophic bacteria multiplied with the greatest intensity in the presence of 10 mg of o-cresol kg −1 d.m. of soil. An interesting phenomenon is, on the one hand, that an increase in the biodiversity of organotrophic bacteria and Actinobacteria was more significant than of fungi and, on the other, that the CD index does not increase after an increased dose of ocresol is applied (50 mg of o-cresol kg −1 d.m. of soil). It is also surprising that the acceptable dose of the phenolic compound under study-0.1 mg of o-cresol kg −1 d.m. of soil-had such an inhibitory effect and decreased the EP index for organotrophic bacteria by 21% relative to the control sample.
According to Zhu et al. (2018) , although o-cresol is less toxic to microorganisms than m-cresol, it is a source of carbon and energy for them, which has been observed in this study, even at a dose of 10 mg of o-cresol kg −1 d.m. of soil. However, it effectively moderates the diversity of microorganisms at this dose. It sorts them and leaves active Proteobacteria, including Pseudomonas sp., Arthrobacter sp., and Azotobacter sp. as well as Acidobacteria and Bacteroidetes. Gram-negative species are dominating microorganisms (Zhu et al. 2018 ). Patil and Anil (2015) attribute it to a thinner cell wall and a higher isoelectric point (pH = 4-5) in this group of microorganisms. Kristanti et al. (2016) report that the strain of Absidia spinosa M15 produces laccase, owing to which it breaks down cresol within 30 days. Atagana (2004) isolated fungi of genera Aspergillus, Candida, Cladosporium, Fusarium, Monicillum, Trichoderma, and Penicillium from soil polluted with cresol.
It is beyond doubt that another, equally important, factor under study was a potential biostimulator of biological activity of soil-New Zealand Perna canaliculus mussel meal. This fertilizing substance generated the highest values of CD for organotrophic bacteria in soil with an addition of 0.1 mg of o-cresol kg −1 d.m. of soil, which resulted in intense colony development in this group compared to soil with no mussel meal added (Fig. 4) . It is noteworthy that there was a significant positive correlation between EP for fungi and increasing doses of o-cresol (Fig. 5) .
The effectiveness of mussel meal in stimulating the biochemical and microbiological activity of soil was analyzed using the IF index (Table 3) ; on the other, it is similar with DEH, because their activity was slightly stimulated only by a combination of mussel meal and 50 mg of o-cresol kg −1 d.m. of soil. Considering the mean IF index for enzymes, reflecting their response to fertilization of soil with mussel meal, they can be put in the following sequence: GLU > DEH > PAC > PAL > ARYL > URE > CAT. When this relationship is analyzed through the correlation coefficients, which concern the interactions between increasing doses of o-cresol and the fertilizing substance applied, the following sequence should be proposed: ARYL > CAT > URE > PAC > GLU > DEH > PAL. The highest values of IF among all the groups of microorganisms under study were found for Arthrobacter (mean IF = 4.440) and Pseudomonas (mean IF = 3.917) (Table 3 ). An addition of the mussel meal had a beneficial effect on the fixing bacteria count. It also stimulated the multiplication of organotrophic bacteria and Actinobacteria. The mean values of their indices made up a group of homogeneous variances. A beneficial effect for Azotobacter sp. was observed when the soil was fertilized with the mussel meal only in combination with the smallest dose of o-cresol.
The mussel meal performed its intended function and improved soil fertility due to the fact that the New Zealand mussel Perna canaliculus is a source of protein, lipids, and carbohydrate (Grienke et al. 2014) , which produced a positive response of soil fungi. Moreover, Srisunont and Babel (2015) report that the mussel Perna viridis takes up nutrients, and the process efficiency is 61% for carbon, 62% for nitrogen, and 79% for phosphorus. It also excretes these elements to the environment in which it lives, in the following amounts: 108, 35.5, and 46 mg day −1 , respectively, which makes it potentially a reliable and valuable source of essential elements for microorganisms.
In order to transpose the effect of activity of soil communities to the ecosystem scale, one must assess in detail the changes that take place in it. An important part of the research was to determine the effect of o-cresol on spring barley yield, especially since barley itself is a source of phenolic compounds, mainly ferulic acid (Zhu et al. 2015) . The plant resistance was found to decrease with increasing soil contamination with o-cresol, regardless of whether it had been fertilized with mussel meal or not (Fig. 6) . Ferlian et al. (2017) suggest that the quantitative and qualitative characteristics not only of the aboveground parts but also of the roots of the plants should be determined in order to check whether they are coordinated with each other. Using this suggestion, it was shown ( Fig. 7) that contamination of soil with o-cresol also reduced the weight of the root, which manifested itself in high values of PR, whose strange escalation was observed following the application of the lowest dose of 0.1 mg of o-cresol kg −1 d.m. of soil. It should be emphasized that the mussel generated nearly 3.5 times lower PR in soil with the acceptable dose and twice lower when 1-10 mg of o -cresol kg − 1 d.m. of soil was added. Its effectiveness decreased considerably under pressure of o-cresol at the highest dose of 50 mg of o-cresol kg −1 d.m. of soil.
Conclusion
o-Cresol significantly moderates the biochemical and microbiological activity of soil. It is a source of carbon and energy essential to soil microbiome at an acceptable dose of 0.1 and 1 mg of o-cresol kg −1 d.m. of soil. However, at doses exceeding 10 mg of o-cresol kg −1 d.m. of soil, it inhibited the enzymatic activity of the soil, except CAT, which decreased the resistance of spring barley. Considering the sensitivity of enzymes to the pressure of o-cresol, they can be arranged in the following sequence: CAT > PAC = ARYL > URE > DEH > PAL > GLU. The highest doses of o-cresol stimulated the multiplication of both organotrophic bacteria and Actinobacteria, but they had an adverse effect on their biodiversity. Perna canaliculus mussel meal has proven to be a very good biostimulator for both biochemical activity-except dehydrogenases-and microbiological activity, without taking into account the response of Azotobacter sp. to the organic substance under test. It also contributed to an increase in the biodiversity of fungi, which increased with the contamination of the soil with o-cresol. Soil fertilization with mussel meal alleviated the toxic effects of o-cresol on its biological activity. No increase in spring barley yield was observed after the application of mussel meal; however, a much higher root mass was obtained in the pots where it had been added.
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